Observation of a dramatic hindrance of the nuclear decay of isomeric states for fully ionized atoms  by Litvinov, Yu.A et al.
Physics Letters B 573 (2003) 80–85
www.elsevier.com/locate/npe
Observation of a dramatic hindrance of the nuclear decay
of isomeric states for fully ionized atoms
Yu.A. Litvinov a,b,∗, F. Attallah a, K. Beckert a, F. Bosch a, D. Boutin a, M. Falch c,
B. Franzke a, H. Geissel a,b, M. Hausmann a,1, Th. Kerscher c, O. Klepper a, H.-J. Kluge a,
C. Kozhuharov a, K.E.G. Löbner c, G. Münzenberg a,d, F. Nolden a, Yu.N. Novikov a,e,
Z. Patyk f, T. Radon a, C. Scheidenberger a, J. Stadlmann a, M. Steck a,
M.B. Trzhaskovskaya e, H. Wollnik b
a Gesellschaft für Schwerionenforschung GSI, 64291 Darmstadt, Germany
b II. Physikalisches Institut, JLU Giessen, 35392 Giessen, Germany
c Sektion Physik, LMU München, 85748 Garching, Germany
d Johannes Gutenberg Universität, 55099 Mainz, Germany
e St. Petersburg Nuclear Physics Institute, 188350 Gatchina, Russia
f Soltan Institute for Nuclear Studies, 00681 Warsaw, Poland
Received 7 October 2002; received in revised form 31 July 2003; accepted 29 August 2003
Editor: V. Metag
Abstract
The half-lives of isomeric states of fully ionized 144Tb, 149Dy and 151Er have been measured. These nuclides were produced
via fragmentation of about 900 MeV/u 209Bi projectiles, separated in flight with the fragment separator (FRS) and stored in
the cooler ring (ESR). The decay times of the cooled fragments have been measured with time-resolved Schottky spectrometry.
We observed for the first time drastic increases of the half-lives of bare isomers by factors of up to 30 compared to their neutral
counterparts. This is due to the exclusion of the strong internal conversion and electron-capture channels in the radioactive
decay of these bare nuclei. The experimental results are in good agreement with theoretical calculations.
 2003 Elsevier B.V.
PACS: 21.10.Tg; 27.50.+e; 29.20.Dh; 29.30.Aj
Keywords: Highly-charged ions; Half-lives; Exotic nuclei; Storage rings
Open access under CC  BY  license.* Corresponding author.
E-mail address: y.litvinov@gsi.de (Yu.A. Litvinov).
1 Present address: LANL, Los Alamos, NM 87545, USA.0370-2693  2003 Elsevier B.V.
doi:10.1016/j.physletb.2003.08.077
Open access under CC BY license.1. Introduction
The fundamental question as to whether the nuclear
decay rate is independent on external physical condi-
tions or on different chemical environments has been
investigated over many decades. Numerous attempts
have been made to modify the nuclear decay rate by  
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ments, or by applying strong electric and magnetic
fields, but only small effects of less than 1% had been
observed [1]. The situation is completely different in
hot stellar plasmas where the ions are partially or fully
ionized. In this case it can be expected that the rates of
nuclear β-decay and electron capture [2], as well as in-
ternal conversion, are strongly affected in comparison
to those of neutral atoms.
Experiments with highly-ionized 57Feq+ (q = 19–
25) projectiles at 6 MeV/u [3] and 125Teq+ (q = 46–
48) projectiles at 27 MeV/u [4] have demonstrated
changes of nuclear half-lives of Coulomb excited
levels due to the direct influence of the electronic
configuration on the internal-conversion coefficients.
Half-life prolongations ranging from a few 10% up
to 670% have been measured for highly-charged ions.
We note, that if the deexcitation energy of a nuclear
isomeric state is lower than the energy required to
excite a K-shell electron into the continuum then a
new decay mode, namely the excitation to higher-
lying bound orbitals, can occur [5]. Such examples
demonstrate how the decay rate of an excited nuclear
state can be sensitive to the inner-shells electronic
configuration of the system.
Recent progress by accelerator and radioactive
beam facilities operating at energies up to 1 GeV/u
allows for the first time the investigation of nuclear
decay properties in the laboratory under conditions
prevailing in stellar plasmas. A striking example is
a new decay channel of fully ionized atoms, where
instead of the well-known β− decay, the nuclear
electrons can be captured into atomic inner-shell
vacancies instead of being emitted into the continuum.
This new decay mode, the bound state β− decay,
was for the first time experimentally verified for
bare 163Dy [6] and 187Re [7] nuclei provided by the
synchrotron (SIS) [8] and stored in the storage-cooler
ring (ESR) [9]. The ground-state decay-properties of
both nuclei completely changed when the electrons of
the atomic shells are removed. For example, neutral
163Dy atoms are stable and become radioactive via
bound-state beta decay characterized by a half-life
of 47 day, and for 187Re nuclei a decrease of the
half-life by 9 orders of magnitude was measured.
After these pilot experiments with stable or long-lived
projectiles, a new field of such investigations opens up
with the wide range of highly-charged exotic nuclei.Indeed, this knowledge is also of great interest to
understand the astrophysical nucleosynthesis. For this
challenge projectile fragmentation and separation in
flight represent a universal tool for accessing short-
lived exotic nuclei of all elements up to uranium and
with half-lives down to the micro-second range. An
ideal combination for these studies is the in-flight
fragment separator (FRS) [10], with the storage-cooler
ring (ESR) [9]. The research potential with radioactive
nuclear beams was proven in first measurements
where the ground-state decay properties of stored bare
nickel fragments have been investigated, e.g., the pure
β+-decay branch of 52Fe was measured [11].
In this Letter we present the first measurements of
half-lives of bare fragments in isomeric states, whose
main decay channel in neutral atoms is the internal
conversion.
2. Experimental
The present study of half-lives of short-lived iso-
mers was carried out within the experimental pro-
gramme devoted to direct mass measurements of ex-
otic nuclei [12,13]. The exotic nuclei were produced
by fragmentation of about 900 MeV/u 209Bi pro-
jectiles provided by the SIS. The FRS separated the
fragments and injected them into the ESR at 338–
351 MeV/u. The stored and cooled fragments circu-
lating with a revolution frequency of about 1.9 MHz
in the ultra-high vacuum system (∼ 10−11 mbar) of
the ESR were recorded by Schottky diagnosis [14] as
applied in mass spectrometry (SMS) [12]. Electron-
cooled ions have the same velocity; therefore, there
exists an unambiguous relation between the revolution
frequency and the mass-to-charge ratio. The stored
ions induce image charges on pick-up probes and
the resulting Schottky-noise signals are continuously
sampled and sequentially stored with the correspond-
ing time stamps for off-line Fourier frequency analy-
sis [15]. The analyzed data yield noise-power density
spectra that reflect the revolution frequencies of the
stored ions. The time required for electron cooling in
SMS determines the lower limit for the access to short-
lived nuclei. In the present experiment this limit was
about 10 s [16].
In previous experiments [17] it was shown that
the noise power of a frequency peak is directly
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the basis to study dynamic processes that take place in
the ESR. Time spectra are recorded at 10 s intervals.
This time is sufficient to efficiently detect a single
stored bare ion of Z  40. The unambiguous particle
identification of the stored and cooled fragments is
performed in the same way as described in Refs.
[12,16].
The experimental method of half-life determination
via Schottky spectrometry was verified with the decay
of the He-like 166W72+ ions. In this case, the half-life
prolongation of not more than 11% is expected [18]
compared to the half-life value known for the neutral
atom of 18.8(4) s [19]. Indeed, the measured half-life
of 23(7) s is in agreement with the expected value.
3. Data analysis and results
The goal of the present investigation is to mea-
sure half-lives of bare isomers. The most suited can-
didates for this study, which were found in our experi-
mental data are the isomeric states of bare 144mTb65+,
149mDy66+ and 151mEr68+ nuclei. The half-lives of
neutral 144mTb0+, 149mDy0+, and 151mEr0+ atoms are
4.25 s, 0.49 s, and 0.58 s, respectively. A challenging
aspect of this study is that these lifetimes are out of
range of the cooling time. However, due to a dramatic
enhancement of the half-life for bare nuclei, these iso-
mers can be observed in the Schottky frequency spec-
tra as demonstrated in Fig. 1 for 149Dy fragments.
These spectra were recorded up to 250 s after injection
Fig. 1. Schottky frequency spectra of mass-resolved ground and
isomeric states of bare 149Dy fragments circulating in the ESR.
The spectra are shown for recording time intervals of 10 s and
demonstrate the different decay of the ground and isomeric states.into the ESR. The ground state and the isomeric state,
separated by an excitation energy of 2661 keV [19]
are clearly resolved. A calibration has been performed
with isotopes of well-known masses to determine the
equivalent energy difference from the frequency spec-
trum [12]. From the peak separation we determine that
the excitation energy is 2675(40) keV, which is in ex-
cellent agreement with the literature value for neutral
atoms. This result is expected since the excitation en-
ergy should be independent from the ionic state of the
atom. The situation is quite different for the nuclear
decay rate.
To determine the half-life of stored fragments one
has to take into account that the observed total decay
rate of stored ions (λtotal) is given by:
(1)λtotal = λnucl + λatomic,
where λnucl represents the nuclear radioactive decay
rate and λatomic denotes the losses, governed by the
atomic interactions of the stored ions with the residual
gas atoms and with the electrons of the cooler.
In order to measure nuclear half-lives of the order
of a few seconds it is necessary to reduce the cool-
ing time well below the nuclear half-life. Therefore,
high electron-cooler currents, up to several hundreds
of mA, have been applied in the present experiment.
However, this condition leads to large radiative elec-
tron recombination rates with cooler electrons, which
reduces the beam storage time [20]. The cooling time
depends on the initial velocity distribution of the par-
ticular species and for those described here amounted
on an average to 10 s. An assumption of longer cooling
times does not affect the final results within the error
bars.
It is obvious that a good calibration for the beam
storage time is required to extract the pure nuclear
half-life from the observed total decay time. In the
case of the isomeric state of bare 149Dy ions, the ions
in the corresponding ground state can be ideally used
to perform this calibration. In the neutral atom the
ground state of 149Dy0+ decays mainly via orbital
electron-capture with the half-life of 4.20(14) min
[19]. For bare 149gDy66+ fragments the electron cap-
ture branch is blocked and the resulting half-life is
40(5) min. This is calculated by using the known
branching ratio of nuclear electron capture and β+ de-
cay (/β+) [19]. This nuclear half-life is long com-
pared to the storage times possible in the ESR under
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in the ESR from a single injection pulse (laboratory frame). Each
data point is deduced from a single 10 s spectrum. The open
symbols are excluded from the half-life determination for two
reasons: (i) The first 10 s are needed for electron cooling after a new
injection; (ii) The half-life of the ground state has been determined
after the ions of the isomeric state are completely decayed.
the conditions of the present experiment. Deexcitation
of the isomeric state of 149Dy0+ proceeds mainly via
a highly converted E3-transition. An example of mea-
sured decay curves of bare 149g,149mDy66+ ions, ob-
tained from one injection pulse into the ESR, are pre-
sented in the laboratory frame in Fig. 2. The first 10 s
are needed for electron cooling and are excluded from
the half-life analysis. Since the ground state is fed by
the isomeric state, its half-life was determined after the
ions in the isomeric state are completely decayed. In
the figure the measured total half-lives are given only
for one injection. The final nuclear half-life is deter-
mined from 11 independent injections and listed in Ta-
ble 1.
The same method is applied to the bare fragments
151mEr68+ and 144mTb65+. The beam storage time
for both fragments was taken from the 149Dy exper-
iment because no long-lived nuclei were stored with
the same injections. The value of 2(1) min was used,
whereby the large error takes into account the slightly
varied experimental conditions for the atomic interac-
tions.
The deexcitation of the isomeric state of the
151mEr0+ nuclide is also governed by a highly con-
verted E3-transition (95.3%) [19]. Therefore, a strongTable 1
Measured half-lives for bare isomers. Half-life values are averaged
over several independent measurements (see text) and given in the
rest frame of the ions2 in the second column. The half-lives for
the neutral atoms (third column) are taken from Ref. [19]. The
hindrance factors T1/2(bare)/T1/2(neutral) are shown in the last
column
Isomer T1/2 T1/2 Hindrance
bare, s neutral, s factor
151mEr 19(3) 0.58(2) 33(5)
149mDy 11(1) 0.49(2) 22(2)
144mTb 12(2) 4.25(15) 2.8(5)
hindrance can be expected in the nuclear decay of bare
atoms. The peaks corresponding to the ground and iso-
meric states were resolved in the frequency spectra and
the measured excitation energy is 2574(40) keV, which
is in excellent agreement with the literature value for
the neutral atom. A measured decay curve in the lab-
oratory frame, again only for one injection, is shown
in the upper panel of Fig. 3. The experimental mean
value of the nuclear half-life for 151mEr68+ is 19(3) s
and results from 5 independent measurements.
Only the peak corresponding to the isomeric state
of 144Tb65+ nuclide was measured in the frequency
spectra. The half-life of the ground state is about 1 s,
which means that nuclei in the ground state completely
decay during the time needed for the electron cooling.
A measured decay curve of the isomeric state in the
laboratory frame, again for one injection, is shown in
the lower panel of Fig. 3. The measured half-life for
the bare isomeric state is 12(2) s which represents the
mean value of 6 independent measurements.
The results are summarized in Table 1 and the
measured half-lives of the bare isomers are compared
to literature values for neutral atoms. The ratios
of T1/2(bare) and T1/2(neutral) are labelled as the
hindrance factor in the fourth column. These factors
are 2.8(5), 22(2) and 33(5) for 144mTb65+, 149mDy66+
and 151mEr68+, respectively. Such dramatic increases
of half-lives for bare isomers had never been measured
before.
2 T1/2(rest frame of the ions) = T1/2(laboratory frame)/γ ,
where γ is the corresponding relativistic Lorentz factor. In these
measurements γ was in the range 1.363–1.377.
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and 144mTb65+ nuclei (lower panel) are shown for one injection
(laboratory frame).
4. Discussion
In order to quantitatively explain the large enhance-
ment of the measured half-lives of these bare isomers
we have performed calculations of the decay rates.
The radioactive decay constant λ= (ln 2)/T1/2 for
a bare isomeric state can be expressed by the equation:
λ(bare)= λβ+(bare)+ λγ
= λ(neutral)
(
n∑
i=1
br(i)
β++
(1+ (/β+)(i))s(i)
(2)+
k∑
j=1
br(j)IT
(1+ α(j)tot )
)
,
where brβ++ and brIT denote the branching ratios of
+β-decay and internal transition (IT) for the excitedstate in the neutral atom, respectively. /β+ represents
the ratio of electron capture to β+ decay, αtot denotes
the total internal conversion coefficient (ICC) and s
is the screening factor coefficient. The term in the
bracket is the sum of all populated final states (n) for
the case of beta-decay and k is the number of internal
transitions for the deexcitation of the isomeric state.
The screening coefficient
s = F(Z,W)(neutral)
F (Z,W)(bare)
in Eq. (2) accounts for the reduction of the Coulomb
barrier in neutral atoms. The values for s taken from
Ref. [18] are in the range of 1.02 to 1.01 for positron
kinetic energies ranging from 2.5 to 7.0 MeV.
For the investigated isomers there are no experi-
mental data for αtot available; hence, they had to be
taken from theory to be able to calculate the decay
rates. We calculated the internal conversion coeffi-
cients using the Dirac–Fock method with exact ex-
change interaction between bound atomic electrons
as well as between bound and free conversion elec-
trons [21]. These calculations are based on different
assumptions for the so-called dynamic or penetration
effect of the finite nuclear size [22,23]. Different mod-
els yield quite similar values for αtot. In the compari-
son with our experimental results, the surface current
model was used with empirical electron-binding ener-
gies and by taking into account the influence of post-
conversion vacancies. Using these values the capture-
to-positron ratios [24], and the known experimental
branching ratios for internal and beta-decay transitions
we calculated the half-lives for the three bare isomers.
The results are presented in Table 2. The theoretical
and experimental values are in good agreement. Re-
cently, the model has also been successfully applied
to calculate the half-life of the isomeric state of bare
80mY ions [25].
5. Summary
The combination of the FRS and ESR offers unique
conditions for the spectroscopy of relativistic bare
projectile fragments. The half-lives of the bare iso-
mers, 144mTb65+, 149mDy66+ and 151mEr68+, have
been measured for the first time. We observed dra-
matic changes in the decay rates of the bare isomers,
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Spectroscopic properties [19] used to calculate the half-lives for
the three bare isomers. Energies of the γ -transitions and their
multipolarities are given in the second column. Branchings for the
internal conversion and total internal conversion coefficients are
given in the third and fourth columns. Calculated half-lives are
presented in the last column
Isomer Eγ brIT αtot T1/2
keV % calc., s
151mEr 57.7(E3) 95.3 1255 15.3(10)
149mDy 110.7(E3) 99.3 27.3 12.8(4)
144mTb 113.0(E3) 66.0 22.9 12.6(5)
particularly for those with strong internal conversion
channels in neutral atoms. These results have been
confirmed quantitatively by our theoretical calcula-
tions.
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